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790Objectives:Catheter radiofrequency ablation procedures yield fairly successful results for the treatment of atrial
fibrillation; however, patients with anatomic variant pulmonary veins (PV) are generally thought not to benefit
from catheter ablation technique, with recurrence rates observed as high as 78%. We report a comprehensive
surgical approach to treat this subset of patients with a modified full maze procedure.
Methods: From January 2002 to December 2009, 72 patients undergoing cardiac surgery who had drug-
refractory and/or recurrent AF after catheter ablation were identified. PV variance was observed on preoperative
multislice chest computed tomography. All patients underwent multiple PVepicardial circumferential isolation
and epicardial–endocardial longitudinal PVablations along with standard maze as an adjunct to the cardiac sur-
gical procedure. Patients were followed up at 6 months, 1 year, and 2 years postoperatively.
Results: Typical patterns of PV variation were observed in 72 patients. Left common PV trunk was found in 49
patients (68%), with a mean length of 21 4.6 mm, diameter of 28.6 4.9 mm, and wall thickness of 2.1 1.7
mm. Right PV variants, including right middle and right top PVs, were found in 23 patients (32%), with a length
of 20  2.1 mm, diameter of 9.9  3.4 mm, and wall thickness of 1.9  1.7 mm. Overall restoration of sinus
rhythm was confirmed in 64 patients (94%) at 1-year follow-up. Twelve patients were defibrillated into sinus
rhythm within 90 days after the operation.
Conclusions: A modified full maze procedure should be considered as a first choice treatment for atrial fibril-
lation with variant drainage of PVs because of the nature of PV size, wall thickness, and specific foci in the ar-
rhythmogenic veins. Multiple PV isolation and epicardial–endocardial longitudinal PVablations along with the
standard maze are essential to success. Early referral for surgical ablation allows higher success rates. (J Thorac
Cardiovasc Surg 2013;145:790-5)Pulmonary veins (PVs) play a pivotal role as triggers of
atrial fibrillation (AF), and anatomic variants of PV have
been described as having high arrhythmogenic potential.
Such arrhythmogenic foci frequently initiate paroxysms
of AF. Catheter radiofrequency ablation of these foci is in-
creasingly being performed to treat patients with symptom-
atic AF not controlled with antiarrhythmic drugs or in
patients with recurrent persistent AF, and it yields fairly
successful results for the treatment of AF. Patients with an-
atomic variant PVs—left common PV trunk, right top PV,
and right middle PV—are generally thought not to benefit
from radiofrequency ablation technique however, with ob-
served recurrence rates as high as 78%.1,2 Numerous
imaging studies with computed tomography and magnetic
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The Journal of Thoracic and Cardiovascular SurgPV anatomy in 18% to 45% of patients with AF,3 and
populations without AF have also been reported to show
a proportion of PV variants as high as 30%.4
It has been recognized that the muscular sleeves of the
distal PVs are a frequent source for ectopic foci,5 with the
left common PV trunk accounting for half of all ectopic
foci initiating AF.6,7 In these patients, the myocardium of
the left atrium appears to extend further into the distal PVs
and forms a very thick muscular sleeve wall, which
appears to be the source of the ectopic discharges. This
greater than expected variability in PV anatomy could
substantially alter success rates of radiofrequency ablation,
because ectopic foci could go untreated in variant veins.
Indeed, success rates of radiofrequency ablation are not
uniform and are currently 62% to 75% for paroxysmal
AF8-10 and 22% to 68% for chronic AF.11,12
This study reports our experience with a comprehensive
surgical approach to treat this subset of patients by means
of a modified full maze procedure. Our purpose was to en-
sure ablation surgically to achieve complete transmurality,
achieve complete continuity, and block reentrant circuits
with a modified Cox maze operation concomitant with bia-
trial reduction in an attempt at more successful treatment
for persistent and long-standing persistent AF.ery c March 2013
Abbreviations and Acronyms
AF ¼ atrial fibrillation
PV ¼ pulmonary vein
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From January 2002 to December 2009, a total of 72 patients (28 patients
in China, 44 patients in California) were found in whom multislice com-
puted tomography had previously been performed with confirmation of
variant PV anatomy and who were undergoing cardiac surgery with drug-
refractory AF or recurrent AF after catheter ablation. Therewere 26 women
(36%) and 46 men (64%), with a mean age of 55  I9.5 years and a mean
duration of AF of 48.4 21.4 months. These patients were included in this
study according to the following criteria: all patients with AF requiring
mitral valve surgery, with or without tricuspid valve surgery or coronary
bypass grafting; symptomatic AF that did not respond to medical therapy
and failure to eradicate the arrhythmia by percutaneous radiofrequency
ablation of the left atrium; left atrial perforation and bleeding during per-
cutaneous ablation necessitating emergency cardiac surgery; or severe
PV stenosis after a catheter ablation procedure.
Thepreoperativemeanatrial sizewas 64 12mm.All patients underwent
a modified full maze procedure with triple radiofrequency PVepicardial cir-
cumferential isolation, multiple radiofrequency PV epicardial–endocardial
longitudinal ablations, left atrial wall box lesions, left atrial isthmus ablation,
standard right atrial maze, and bilateral atrial appendage resection, all in con-
junction with the primary cardiac surgical procedure. Biatrial reduction with
reef imbricate suture technique concomitant with the maze procedure was
performed if left atrial diameter was greater than 60 mm. The following
methods of assessment were used: left atrial dimensions were measured by
transesophageal or transthoracic echocardiography; pulmonary arterial pres-
sures measured by pulmonary arterial catheter or transthoracic echocardiog-
raphy, and serum B-type natriuretic peptide levels measured before and after
the operation. The predicted mortality of those combined procedures is
around 4.06%.
Severity of tricuspid regurgitation was classified as 0 (none), 1 (trivial),
2 (mild), 3 (moderate), 3.5 (moderate to severe), and 4 (severe) by
2-dimensional and Doppler. Severity was assessed by echocardiographic
evaluation before surgery and during postoperative follow-up at discharge,
at 6 months, and at 1 year (Table 1).
Operative Procedure
Transesophageal or transthoracic echocardiography was performed in
all cases. Operations were performed through a median sternotomy under
conditions of standard cardiopulmonary bypass with bicaval cannulation
and mild hypothermia (32C). A combined antegrade and retrograde blood
cardioplegic technique was used to induce cardiac arrest and deliver myo-
cardial protection. A left atriotomy was performed through the Waterston
groove, and any left atrial appendage thrombus present was first evacuated.
The left common PV trunk was identified, the length was measured and
then carefully dissected and isolated using blunt technique. The ligament
of Marshall was completely divided with electrocautery. The bipolar radio-
frequency Atricure clamp (Atricure, Inc, Cincinnati, Ohio) was then placed
on the left common PV trunk, at which point the rim of the atrial tissue
surrounding the PVswas ablated 3 times. The left atrial appendagewas am-
putated, and bipolar radiofrequency ablation was performed longitudinally
between the left atrial appendage and the left common PV trunk by placing
a jaw on the endocardium and the other jaw on the epicardium in multiple
directions and placing the tip of bipolar radiofrequency Atricure clamp
over the trunk’s bifurcation (Figure 1). The dome of the left atrium was
then ablated with the radiofrequency clamp through the amputated left
atrial appendage and transverse sinus. The left atrial appendage was then
oversewn. The standard left atriotomy was then extended into the domeThe Journal of Thoracic and Caof the left atrium and inferiorly around the orifice of the right inferior
PV. Subsequently, the right top PV or right middle PV was identified.
The bipolar radiofrequency Atricure clamp was placed on the rim of the
right PV for ablation. A connecting ablation lesion was performed from
the inferior aspect of the left atrium into the left inferior PV. In the enlarged
atrium, a second connecting ablation was placed from the mid inferior wall
of the left atrium into the left superior PV. Finally, a bipolar radiofrequency
ablation line was performed by placing a jaw of the clamp from the inferior
end of incision down to themitral annulus at a point of P3 area and the other
jaw at a point marked as the left isthmus ablation in between the circumflex
artery and right coronary sinus. A cryoprobe was used repeatedly to ablate
the mitral annulus at a point of the P3 area. If the left atrial size was larger
than 60 mm, the left atrium was plicated mainly between the left and right
PVs down to the inferior end of the left atrial incision on the half-moon
shape. The reef imbricate suture was placed at least 2 cm away from the
mitral annulus and the circumflex artery to maintain left atrial function.
The posterior wall of the redundant left atrium was reef imbricated around
2 cm with a continuous running suture to exclude toward the outside of the
left atrial cavity. After aggressive closure of the redundant free wall of the
left atrium, the right atrial appendage was excised, and an incision was car-
ried from the right atrial stump parallel to the right atrioventricular groove,
extending toward the inferior vena cava. Standard radiofrequency ablation
lesions were then placed to isolate the tricuspid annulus and were continued
across the atrial septum. The right isthmus was ablated with the cryoprobe.
All PV ablation lesions were confirmed to be transmural with an Atricure
mapping probe. The redundant right atrial wall and incision underwent
reef imbricate closurewith 4-0 running Prolene sutures (Ethicon, Inc, Som-
erville, NJ). Additional procedures performed in this study included mitral
valve replacement, mitral valve repair, tricuspid valve repair, aortic valve
replacement, coronary bypass grafting, and patent foramen ovale closure.Postoperative Care and Patient Follow-up
After the operation, all patients were monitored continuously for ar-
rhythmias. All patients received an intraoperative intravenous loading
dose of amiodarone (150 mg), followed by a 12-hour postoperative infu-
sion, aggressive postoperative diuresis, and intravenous administration of
nesiritide. After endotracheal tube removal, oral amiodarone at a dosage
of 400 mg twice daily and sildenafil (Viagra) at a dosage of 50 mg daily
were administered as tolerated and continued until hospital discharge.
Electrical cardioversion was performed before hospital discharge for any
patient who was not in normal sinus rhythm. Oral amiodarone at a dosage
of 200 mg twice daily and sildenafil at a dosage of 25 mg daily were con-
tinued for 3 to 6 months after hospital discharge. If a patient was unable to
tolerate amiodarone postoperatively, then sotalol was used for the same du-
ration. All patients underwent overdrive biatrial pacing throughout their
hospitalization, and the end point was either the onset of recurrent AF or
discharge to home.
Anticoagulation therapywas determined by the valve surgery performed
and the postoperative diameter of the left atrium. If a mechanical prosthesis
was implanted, warfarin sodium (INNwarfarin) therapywas initiated on the
third postoperative day and continued permanently. For patientswith a post-
operative left atrial diameter greater than 60 mm, anticoagulation with
warfarin (Coumadin) was used for the first 3 postoperative months.
Follow-up was obtained through a combination of outpatient clinic
visits and phone interviews with local doctors. Postoperative follow-ups
were scheduled at 3, 6, and 12 months and then annually thereafter. At
all visits, a history, physical examination, and electrocardiogram were
obtained, and all patients underwent 48-hour Holter monitoring to confirm
atrial rhythm at 6,12, and 24 months.Data Analysis
All values are expressed as mean  SD. Statistical comparisons were
conducted with the Student t test (paired or unpaired). Statistical analysisrdiovascular Surgery c Volume 145, Number 3 791
TABLE 1. Patient demographic characteristics
Characteristic
Left PV
trunk
Right
variant PV
Total
value
Patients (no.) 49 23 72
Male/female ratio 20:29 9:14 —
Age 56  10.4 54  7.3 —
New York Heart Association functional
class (mean  SD)
2.1  0.7 2.3  0.9 —
History of stroke (no.) 2 (4%) 1 (4%) —
Atrial appendage clot (no.) 6 3 9
Mitral stenosis and insufficiency (no.) 28 12 40
Mitral insufficiency (no.) 11 7 18
Aortic stenosis and insufficiency (no.) 4 2 6
Tricuspid insufficiency (no.) 23 13 46
Ejection fraction (%, mean  SD) 48  8 46  11 —
Duration of atrial fibrillation (mo,
mean  SD)
51  23 47  19 —
Left atrial diameter (mm, mean  SD) 67  13 61  11 —
PV, Pulmonary vein; SD, standard deviation.
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Windows, Vernon .5; IBM Corporation, Armonk, NY).RESULTS
The typical patterns of PV variants were observed in 72
patients (Figure 2). Left common PV trunk was found in
49 patients (68%), with length 21  4.6 mm, PV diameter
28.6 4.9 mm, and PV wall thickness 2.1 1.7 mm. Right
PV variants, including right middle PV and right top PV,
were found in 23 patients (32%), with length 20  2.1
mm, PV diameter 9.9  3.4 mm, and PV wall thickness
1.9  1.7 mm (Figure 3). All 72 patients underwent modi-
fied full maze radiofrequency ablations with triple radiofre-
quency PV epicardial circumferential isolation, multiple
radiofrequency PV epicardial–endocardial longitudinal ab-
lations, left atrial wall box lesions, left atrial isthmus abla-
tion, standard right atrial maze, and bilateral atrialFIGURE 1. Triple ablation set of left common pulmonary vein trunk (A),
amputated left atrial appendage (B), and triple ablation set of right pulmo-
nary vein and Waterston groove (C).
792 The Journal of Thoracic and Cardiovascular Surgappendage resection in addition to cardiac surgery. Fifty-
eight patients (80%) underwent mitral valve replacement
with or without tricuspid valve repair or mitral valve repair,
and 34 patients (58%) in this valve surgery group under-
went an aggressive left atrial reduction plasty with reef im-
bricate suture technique for an enlarged left atrium. Eleven
patients (15%) underwent coronary artery bypass grafting,
and 3 patients (4%) required emergency surgery to repair
a perforated left atrium. Other concomitant procedures in-
cluded aortic valve replacement in 6 patients (8%), tricuspid
valve repair with a ring or band in 46 patients (63%), left
atrial thrombus evacuation in 9 patients (12%), and patent
foramen ovale closure in 7 patients (9%). The distribution
of operative procedures is summarized in Table 2. Total car-
diopulmonary bypass time in all 72 patients was 134.4 
54.2 minutes, and total aortic crossclamp time was 109.7
 29.6 minutes. The duration of surgery in all 72 patients
was 189.6  79.4 minutes.
Mortality was defined as death occurring within 90 days
after initial surgery or during the same admission. Four
patients (5%) died, 3 of congestive heart failure and 1 of se-
vere pneumonia and respiratory failure. Hospital morbidity
included reoperation for bleeding in 4 patients (5%) and re-
quirement for permanent pacemaker insertion in 3 patients
(4%) for sick sinus syndrome. Perioperative myocardial in-
farction was seen in 1 patient (1%), and 38 patients (52%)
received inotropic agents for hemodynamic support.
During 1-year clinical follow-up, there was an overall
significant improvement in the restoration of sinus rhythm
(94%). Significant differences in left atrial dimension
changes were detected at discharge and 1-year follow-up
relative to preoperative dimension (43  7 vs 64  12;
P< .001). Serum B-type natriuretic peptide values were
significantly decreased through the first year (P< .001).
In addition, pulmonary arterial pressures were significantly
lower at 6-month and 1-year follow-up (26  12 mm Hg vs
30  14 mm Hg; P<.01).
Long-term follow-up was complete for 99% of the pa-
tients and included physical examination, electrocardio-
gram, 48-hour Holter monitoring, and echocardiography.
Mean follow-up was 19 16 months (range, 3–58 months).
On follow-up, 64 of the 68 patients (94%) were in sinus
rhythm during the first year, and 59 of 63 patients (93%) re-
mained in sinus rhythm at 24 months. Patients with normal
atrial size maintained a higher sinus rhythm recovery rate
than those with a markedly increased left atrial diameter
(>70 mm) at the 12-month follow-up (P< .001), even if
the latter had undergone biatrial reduction. Increased diam-
eter and longer length of left common PV trunk were the
significant predictors of early postoperative AF recurrence
(P<.005). Of 72 study patients, 19 patients (26%) had 1
or more episodes of atrial tachyarrhythmia in the early post-
operative phase (<30 days), and 12 patients (16%) under-
went electrical cardioversion within the first 3 months.ery c March 2013
FIGURE 2. Branching patterns in 72 patients with variant pulmonary venous anatomy. A, Normal. B and C, Short and long left pulmonary trunks, respec-
tively. D and E, Variant right middle PVs. F, Top (roof) PV. R, Right; PV, pulmonary vein.
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plantation for sick sinus syndrome.
Four patients with right top PV underwent cryocatheter
circumference isolation in addition to a full maze procedure
because of anatomic difficulties with radiofrequency clamp
ablation. Of those 4 patients, 3 were in normal sinus rhythm
at 1-year follow-up.DISCUSSION
PVs are a significant source of ectopic atrial electrical ac-
tivity, frequently initiating paroxysms of AF. Increasingly,
selective radiofrequency ablation of these arrhythmogenic
foci is being performed to treat patients with refractory
AF.13,14 The effectiveness of this invasive procedure
remains suboptimal, particularly for anatomically variant
PVs. Successful ablation of arrhythmogenic foci fromFIGURE 3. Left long common pulmonary vein (PV) trunk and right mid-
dle pulmonary vein. R, Right; PV, pulmonary vein.
The Journal of Thoracic and Cawhich AF arises can be accomplished with a variety of
energy sources by percutaneous and surgical approaches.
Documented claims of success rates for long-term mainte-
nance of normal sinus rhythm vary significantly with both
modality and approach. The results of this study demon-
strate that multiple atrium-PV transmural epicardial–endo-
cardial circumferential and longitudinal ablation with
concomitant standard maze procedure for AF with ana-
tomic PV variant can improve clinical outcomes and pro-
vide clinically important new information concerning
variant PV anatomy in patients with AF. Regardless of the
modality chosen for lesion sets, surgical maze approaches
may produce higher success rates. We believe that in these
cases catheter ablation approaches are less likely to achieve
optimal results. Early referral for surgical ablation allows
higher success rates because of the ease in addressing
both the variant anatomy and the changes in tissue thickness
and composition that are associated with these cases.
Remarkably little has been known concerning variations
in PV anatomy throughout the general population. Bittner
and colleagues3 recently reported a proportion of PVTABLE 2. Distribution of operative procedures
Procedure No. %
MV replacement only 39 54%
MVand aortic valve replacement 6 8%
MV repair and coronary artery bypass grafting 11 15%
MV replacement, TV repair, and LA reduction 34 48%
MV repair only 19 26%
MV replacement and TV repair 46 64%
MV replacement, TV repair, and LA thrombus evacuation 9 12%
MV replacement, TV repair, and patent foramen ovale closure 7 9%
Emergency repair of perforated LA 3 4%
MV, Mitral valve; TV, tricuspid valve; LA, left atrium.
rdiovascular Surgery c Volume 145, Number 3 793
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but there have been several reports concerning the anatomic
abnormalities of PVs associated with AF, as detected by
computed tomography or magnetic resonance imaging.
The most common abnormality reported so far is confluent
left PVs, which have been reported to be present in 18%
to 45% of the patients with AF undergoing 3-dimensional
imaging.15 The incidence of PVanatomy variation observed
by Kato and associates5 was as high as 39%, which is con-
siderably greater than the 23% incidence of AF with variant
anatomy reported previously. A frequent anatomic variation
is the presence of a short or long common left PV trunk,
which was observed in as many as 68% in this study group
and has a significant impact on the treatment of AF. Many
studies have demonstrated that myocardial muscle exten-
sions (sleeves) extend from the left atrium into the left PV
trunk at a length of 2 to 3 cm; themuscular sleeves are thick-
est at the proximal end of the veins (1–1.5 mm) and gradu-
ally taper distally.16 This study observed the muscular
sleeves to extend further in the left PV trunk, with a mean
length of 21  4.6 mm. The PV diameters were larger, at
28.6 4.9mm, and thewalls much thicker, at 2.1 1.7mm.
After Ha€ıssaguerre and coworkers17 reported successful
elimination of AF with targeted ablation of foci in or near
the ostia of the PV, catheter ablation of AF quickly became
an established treatment option for patients with symptom-
atic AF refractory to antiarrhythmic agents. Nevertheless,
percutaneous ablation is curative for around 70% to 80%
of patients with paroxysmal AF and normal left atrial and
PVanatomy. The incidence of major complications remains
at 5%.11 Success rates drop among patients with persistent
AF, long-standing persistent AF, an enlarged left atrium,
and variant PV anatomy. There is much speculation as to
why catheter ablation is not fully successful for this subset
of patients. First, there is the basic technologic issue of
achieving complete isolation with linearity and transmural-
ity along the ablation for the larger and thicker PV trunk.
Gaps created when performing a longer line of endocardial
ablation dots probably affect success rates. Second, to avoid
atrial perforation and transesophageal fistulas, the amount
of energy applied during the procedure must be limited,
and thus the transmural lesion cannot be achieved across
this thick wall tissue. Third, the arrhythmogenic foci within
the distal PV trunk cannot be completely ablated and are left
untreated. In this study, we performed multiple consistent
ablation lines that were documented to be transmural.
Most of the patients with persistent and long-standing
persistent AF had a history of paroxysmal AF, so the initial
value of triggering zones around those variant PVs may
have been an important factor. The establishment of electri-
cal reentrant circuits in these enlarged more fibrotic atria
probably changes the atrial substrate, however, favoring
the chronicity of AF and overriding the importance of the
triggering factors that initially imposed AF. Our results794 The Journal of Thoracic and Cardiovascular Surgreveal that blocking reentrant circuits with a modified
Cox maze operation concomitant with biatrial reduction is
more successful in treating persistent and long-standing
persistent AF.
There is a greater incidence of AF among patients with
conjoined PVs.18 Inasmuch as this subset of patients had
multiple previous percutaneous radiofrequency ablations
to isolate the PVs, our results suggest that the modified
maze procedure should be considered early to eradicate par-
oxysmal AF when those patients are found to have variant
PV anatomy.
Beyond the variations involving the common trunk of the
left PV return to the left atrium discussed in this analysis,
there are anomalies of the right middle and top PV drainage
that are also potentially affected by the choice of approach
to creating lesion sets. Surgical approaches to ablation may
yield improved results, especially when the right top PV is
difficult to approach. Special attention to the right top PV
with a roof lesion set to form a box lesion pattern is required
to achieve high success rates. In many instances, this either
is not identified or cannot be addressed with catheter-based
ablation. The surgical Cox maze and modifications thereof,
including right PV isolation as a part of the lesion set, will
encompass these types of anatomic challenges in the normal
procedural steps taken to create the PV isolation lesions.
The main limitation of this study is its prospective design
with lack of randomization, which thus does not necessarily
represent the majority of the AF population. It is also recog-
nized that clinical data can be prone to bias, and thus
whether choice of catheter ablation affects outcome and
whether a modified full maze procedure is beneficial should
be clarified through randomized controlled trials.
Our conclusion is that a modified full maze procedure
should be considered as a first choice for AF with variant
drainage of PVs because of the nature of PV size, wall
thickness, and specific foci in the arrhythmogenic veins.
Multiple PV isolation and epicardial–endocardial longitudi-
nal PVablations along with the standardmaze procedure are
essential to success. Early referral for surgical ablation al-
lows higher success rates. A minimally invasive approach
has implications for further development.References
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